In vivo microscopy was used to assess the relationships among shear rate (and shear stress), leukocyte rolling velocity, and leukocyte adherence in a cat mesentery preparation. Shear rate in individual venules and arterioles of 25-35 microns diameter were varied over a wide range by graded occlusion of an arterial loop. There was a linear decline in leukocyte rolling velocity (Vwbc) as red cell velocity (Vrbc) was reduced. The ratio Vwbc/Vrbc remained constant despite variations in shear stress from 5-25 dyn/cm2. A reduction in shear stress was associated with an increased leukocyte adherence, particularly when Vwbc was reduced below 50 microns/s. Reduction in wall shear rate below 500 s-1 in arterioles allowed 1-3 leukocytes to adhere per 100 microns length of vessel, while venules exposed to the same shear rates had 5-16 adherent leukocytes. In arterioles, leukocyte rolling was only observed at low shear rates. At shear rates less than 250 s-1 leukocyte rolling velocity was faster in arterioles than venules, and the ratio Vwbc/Vrbc for arterioles was 0.08 +/-0.02, which was fourfold higher than the ratio obtained in venules at similar shear rates. Pretreatment with the CD18-specific antibody (mAb) IB4 increased leukocyte rolling velocity in venules by approximately 20 microns/s at red cell velocities below 2,000 microns/s. mAb IB4 largely prevented the leukocyte adherence to arterioles and venules, and […] Research Article
Introduction
Blood flow-induced shear forces play an important role in disrupting the adhesive bonds between leukocytes and endothehum. The nature of this adhesive interaction has been studied both in vivo (1) (2) (3) and in vitro (4) (5) (6) . In vitro studies indicate that there is little adherence of leukocytes to cultured endothelial cells at shear stresses above 2.0 dyn * cm-2 (5, 6) , and the leukocyte adherence is independent ofthe CDl 1/CD 18 adher-ence glycoproteins except at shear stresses below 0.5 dyn cm-2 (6) . However, the shear stress imposed in most in vitro models of leukocyte adhesion is much less than those encountered in vivo where values in 30-40-Am diameter venules in the cat mesentery range from 3 to 36 dyn * cm-2 with a mean of 17.5 dyn cm-2 (3) .
In vivo studies indicate that the hydrodynamic force due to blood flow velocity and shear rate exerts considerable influence on leukocyte-endothelial cell interaction, however the importance of these forces in the absence of any proinflammatory stimulus is not clearly defined. In addition, the role of leukocyte adhesion molecules in this shear rate induced alteration in leukocyte-endothelial cell interaction has not been assessed in vivo. Thus the first objective ofthis study was to systematically analyze leukocyte-endothelial interactions in individual mesenteric venules over a wide range of shear rates and to assess the role of CD 1 1/CD 1 8 adhesion molecules on this interaction. Rather than relying on spontaneous changes in shear rate or compression ofindividual microvessels, we cannulated the arterial supply to the mesentery so that red cell velocity and shear rate could be varied over a wide range without direct interference to the vessel under observation.
An interesting and consistent observation is that leukocyteendothelial interactions in vivo are confined to the venular segment of the microcirculation and rarely observed in arterioles (1) . Two explanations can be provided for the preferential adhesion of leukocytes to venular endothelium: the existence of lower shear rates in venules compared to arterioles (1) , or a heterogeneous distribution ofreceptors for adhesion molecules between arterioles and venules (7) .
As early as 1973, Atherton and Born (1) suggested that the reason leukocyte adhesion and rolling was not observed in arterioles was because the higher shear force exceeded the adhesive force in these vessels. One might predict, therefore, that reducing arteriolar shear rate may promote leukocyte adhesion in arterioles. The second explanation for the lack of adherence observed in arterioles is that the receptors for adhesive glycoproteins are preferentially distributed on the venular endothelium. Although this has been suggested (7) such a heterogeneous distribution of receptors is yet to be established. Therefore, the second objective of this study was A midline abdominal incision was made and the proximal part of the small intestine (from close to the pylorus to the ligament ofTrietz) and the large bowel (from the ileocecal valve to the distal colon) were surgically removed. The remaining isolated segment of small bowel was left undisturbed with blood and lymph vessels intact.
The animal was heparinized (1,000 IU/kg) and an arterial circuit established between the superior mesenteric artery (SMA)' and the femoral artery. SMA blood flow was continuously monitored using an electromagnetic flowmeter (Carolina Medical Electronics, King, NC) connected to a probe positioned within the arterial circuit. SMA blood pressure was measured via a sideport in the flow probe. Systemic and SMA blood pressures were recorded with a Grass recorder (Grass Instruments Co., Quincy, MA). Body temperature was maintained at 370C by a thermistor-controlled heat lamp. All exposed tissue was covered with saline-soaked gauze to avoid evaporation. After completing surgery, the animals were placed in a left lateral recumbent position on an adjustable plexiglass microscope stage. A segment of midjejunum was exteriorized through the abdominal incision with great care taken to avoid trauma to the exposed bowel and mesentery. The mesentery was then prepared for in vivo microscopic observation according to the methods of House released and normal flow resumed for a period of 5 min to allow leukocyte adherence and rolling velocity to return to baseline values between each measurement. Velocity was reduced to either 75, 50, 25, or 10% of the resting value in random order. Generally, no more than three velocity reductions were made in any one vessel because ofthe tendency for the baseline level ofadherence to increase, particularly after severe flow reduction.
In 5 ofthe 17 animals the monoclonal antibody (mAb) IB4 (directed against the leukocyte adhesion molecule CD 18) was administered (1 mg/kg i.v. [8] ) and after 20 min the above recordings were repeated. Because the antibody blocked the tendency for baseline leukocyte adhesion to increase, approximately six velocity reductions could be used in each vessel.
Calculations. The leukocyte rolling velocity was expressed as a fraction of the red cell velocity (V,,.JVt). Venular blood flow was calculated as the product of mean red cell velocity [ Vmn,,, = centerline velocity * 1.6(2)] and microvascular cross-sectional area assuming cylindrical geometry. Wall shear rate (y) was calculated using the Poiseuille's Law for a Newtonian fluid y ( VmJ,,D) 8, where D is vessel diameter (9) . Wall shear stress was calculated as y X blood viscosity (q) and v was assumed to be 0.025 poise (10) . The data were analyzed using standard statistical analyses, i.e., oneway analysis of variance, and Student's t test with a Bonferroni correction for multiple comparisons where necessary. All values are given as mean±SE, and statistical significance was set at P < 0.05.
Results
The protocol for an individual experiment is shown in Fig. 1 . Local pressure in the arterial loop supplying the intestine and mesentery was reduced for periods of 2 min to -20 and 10 mmHg in order to reduce VU from a control value of 6 mm/s to 3 (50%) and 1.5 (25%) mm/s. Between each pressure reduction the clamp was released and local pressure returned to control. A reduction in VA was associated with a reduction in Vwb, and an increased number of adherent leukocytes. These effects were largely reversed when full perfusion pressure was returned.
The relationship between leukocyte rolling velocity and red cell velocity when red cell velocity was varied by reducing local perfusion pressure is shown in Fig. 2 . There was a linear decline in the velocity of white cells as red cell velocity was reduced from 6,000 to 500 .u/s. Treatment with the CD I8-specific antibody mAb IB4 did not alter the slope of the relationship but caused a significant (P < 0.01) increase in the intercept from 9.6 to 28.0. That is, mAb IB4 appears to increase leukocyte rolling velocity, however, this effect is only apparent at red cell velocities below 2,000 Mm/s.
The ratio of leukocyte rolling velocity to red cell velocity (VwbJ Vrb) at different shear rates is shown in Fig. 3 . In untreated animals, the ratio is relatively constant at 0.025 over the entire range of shear rates studied. Immunoneutralization of leukocyte adhesion molecules with mAb IB4 resulted in an increased leukocyte rolling velocity and caused the ratio Vw/ V to increase, particularly at low shear rates. The number of adherent leukocytes in each venule also increased as red cell velocity and wall shear rate were reduced (Fig. 4) In addition to investigating the behaviour of leukocytes in venules, we studied their behavior in mesenteric arterioles. Leukocyte rolling and adherence only occurred in arterioles at low shear rates, generally < 250 s-5. At shear rates above 250 s-' there was virtually no adherence and no obvious leukocyte rolling. Fig. 7 compares the ratio of leukocyte rolling velocity with red cell velocity in venules and arterioles at shear rates < 250 s-' and in the presence or absence of mAb IB4. The mean shear rate in each group was 158±9 (n = 23) for venules, 133±12 (n = 18) for venules plus mAb IB4, 115±26 (n = 6) for arterioles, and 85±8 (n = 4) for arterioles plus mAb IB4. The mean value of VlJV, for venules was 0.02. The addition of mAb IB4 increased leukocyte rolling velocity and doubled the ratio VwbJVb,. In arterioles, the leukocytes rolled faster and the ratio VbJ/ V was four times that observed in venules. This ratio tended to increase in arterioles after the addition of mAb IB4, however, this effect was not statistically significant. Leukocyte adherence in both arterioles and venules is shown in Fig. 8 over a wide range of shear rates. Adherent leukocytes were commonly observed in venules up to shear rates of 750 s-'. However, in arterioles adherence was only observed at shear rates < 385 s-' and rarely rose above one adherent leukocyte per 100 ,gm length of vessel. In the presence ofmAb IB4 no adherent leukocytes were observed in any ofthe arterioles studied.
Discussion
Our data indicate that as red cell velocity falls there is a linear decline in the rolling velocity ofwhite cells, with a tendency for white cell velocity to fall more rapidly at red cell velocities below 1.0 mm/s. Atherton and Born (1) reported similar findings but with a definite reduction in slope of the relationship at Vrb, above 1.0 mm/s, while Firrell & Lipowsky (2) We cannot exclude the possibility that at higher than normal velocities there is a plateau in this relationship.
Another index used to assess leukocyte-endothelial interaction is the ratio V,.JVw. This ratio provides a measure of the fracture stress at the area of contact between leukocytes and endothelium. The higher the velocity ratio the lower the amount of energy required to peel a leukocyte from the microvessel wall (1 1). This ratio has been used to assess the effect of various agents on leukocyte rolling, e.g., we have shown that superoxide dismutase given 1 h after ischemia caused a significant increase in VwbJ Vrt, without altering Vw (8) . Agents that alter VWbJVbc and at the same time alter Vw make interpretation of data difficult because of the uncertainty regarding the influence of hydrodynamic dispersal forces on this ratio. This study is the first to systematically assess the effects of shear force on this ratio by altering shear rate in individual venules.
The results indicate that in untreated animals the ratio remains constant over a wide range of shear rates. That is, VwbJ Vrb is a useful tool to assess leukocyte-endothelial interactions even in situation where Vr changes.
Factors affecting leukocyte adherence
Although leukocyte rolling is commonly observed in venules, the adherence of leukocytes to venular endothelium is rare in the absence ofa proinflammatory stimulus. Physiologic factors that modify leukocyte adhesion include (a) adhesion molecules expressed on the surface ofthe activated leukocyte and/or endothelial cell (12, 13) , (b) electrostatic charge interaction between leukocyte and endothelial cell surfaces (14, 15) including effects due to the presence of sialic acid residues (16), and (c) hydrodynamic dispersal forces such as wall shear stress that tend to sweep leukocytes away from the microvessel wall (1, 3).
Shearforces. In vitro studies indicate that shear stress plays a major role in determining the extent of leukocyte adherence to endothelium. Lawrence et al. (4) found that FMLP-stimulated neutrophil adherence to cultured human umbilical vein endothelial cells was completely abolished by a shear stress of 3.9 dyn/cm2. Other studies indicate that the critical shear stress required to overcome adhesion may be as low as 1-2 dyn/cm2 (5, 6) . These findings contrast with the present in vivo study in which a shear stress of -18 dyn/cm2 (shear rate of750 s-') was required to abolish adherence. As shear stress was reduced from 18 down to 6 dyn/cm2 adherence increased progressively, and below 6 dyn/cm2 adherence increased dramatically. Thus, our data indicate that the adhesive forces in vivo are far greater than the dispersive forces at shear stresses below 6 dyn/cm2, while the adhesive forces are clearly weaker and rarely exceed 2-3 dyn/cm2 in various in vitro models. Schmid-Schoenbein et al. (17) calculated the shear stress associated with a leukocyte adhering to venular endothelium in the rabbit omentum and found a range of 50-1,060 dyn/cm2. The lower shear stress values observed in vitro may reflect a lower expression ofadhesion receptors on cultured endothelium compared with vessels in vivo, however this remains to be investigated.
Leukocyte rolling velocity. Before a leukocyte can adhere to the wall of a blood vessel it must first roll along the surface of endothelial cells. Although it is generally accepted that leukocyte rolling precedes adherence, there is no quantitative assessment in the literature of the correlation between leukocyte rolling velocity and leukocyte adherence. Our results indicate that leukocyte adherence is minimal at leukocyte rolling velocities above 50 jim/s, however, once the velocity falls below 50 Am/s, adherence increases dramatically and reaches a maximum of 10-16 adherent leukocytes per 100 Atm length ofvessel at rolling velocities of 5-20 Am/s. This increase in adherence may result from the fact that a progressive decrease in rolling velocity would lead to a progressive increase in contact time between adhesive molecules expressed on the surface of leukocytes and/or endothelium. Once a critical contact time is achieved the adhesive interaction between leukocytes and endothelium is sufficiently strong to permit adherence.
Leukocyte adhesion molecules. Another important determinant ofwhether leukocytes adhere to endothelium at any given shear rate is the proadhesive force generated by leukocyte adhesion molecules. The leukocyte adhesion glycoprotein complex termed CD1I /CD 18 (or MAC-1; LFA-1; p 150,95) is the primary mediator ofadhesion ofactivated leukocytes to endothelial cells ( 12, 13, 15) . These are three structurally and functionally related glycoprotein heterodimers each consisting of an immunologically distinct a subunit (CDl 1) that is noncovalently associated with a common 3 subunit (CD 18). These adhesive molecules are rapidly mobilized in response to various proinflammatory mediators (18, 19 
Adherence: arterioles versus venules
A consistent observation in the literature is that leukocyte rolling and adhesion is much less common in arterioles than in venules. One possible explanation for this decreased adherence is the greater shear rate in arterioles compared with venules. If shear rate was a major deterrent to leukocyte adherence in arterioles then reducing shear rate in these vessels should lead to leukocyte rolling and adhesion. The results of our study indicate that shear forces do contribute to the absence ofleukocyte rolling and adhesion, i.e., rolling and adherence was observed in arterioles exposed to low (< 250 s-') shear rates. However, the magnitude of leukocyte adhesion as well as the velocity of leukocyte rolling is dramatically different between arterioles and venules exposed to the same shear rate. In arterioles, adherence was never observed at shear rates above 385 s-', while at shear rates < 250 s-' adherence rarely rose above 2 per 100 Atm, while in venules adherence was observed at shear rates up to 880 s-', and rose as high as 12-16 adherent leukocytes per 100 lAm at shear rates < 250 s-' (Fig. 7) . Similarly, the ratio of leukocyte rolling velocity to red cell velocity was four times greater in arterioles than venules at shear rates < 250 s-'. These results indicate that at any given shear rate the level ofadhesive interaction between leukocytes and endothelial cells is much less in arterioles than in venules.
The greater interaction ofleukocytes with venular endothelium could be due, in part, to the hydrodynamic interaction of leukocytes with red blood cells which results in the leukocytes being preferentially displaced towards the wall of the vessel (20) . This phenomenon is thought to occur as vessel diameter increases at the level ofpostcapillary venules and may enhance the likelihood of leukocyte rolling and adhesion.
The low level of adherence observed in arterioles at low shear rates does appear to be CD1 8 dependent. After administration of monoclonal antibody IB4 to the circulation we never observed an adherent leukocyte in any arteriole. However, the role of CDl 1/CD 1 8 in leukocyte rolling in arterioles is uncertain. In this study the tendency for V,,b VA to increase in the presence of IB4 was not significant.
Although CD1 8 plays a role in leukocyte adherence in arterioles at low shear rates, the level ofadhesion in arterioles is low and this may reflect a lower density of the ligand for CD 1 /CD 18 on arteriolar endothelium compared with venular endothelium. Alternatively, the arteriole may normally produce an anti-adhesive factor that is not produced by venules.
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